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Abstract.   
We report the production of free-standing thin sheets made up of mass-produced ZnO 
nanowires, and application of these nanowire sheets for the fabrication of ZnO/organic hybrid 
light-emitting diodes in manner of assembly. Different p-type organic semiconductors are 
used to form hetero-junctions with the ZnO nanowire film. Electroluminescence 
measurements of the devices show UV and visible emissions. Identical strong red emission is 
observed independent of the organic semiconductor materials used in this work. The visible 
emissions corresponding to the electron transition between defect levels within the energy 
band gap of ZnO are discussed.  
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1. Introduction 1 
One-dimensional (1D) nanostructures have taken center stage of research and 2 
development in many science and engineering fields. A large variety of 1D inorganic 3 
nanostructures, such as metal oxides (ZnO, SnO2, In2O3) [1,2], nitrides (GaN) [3], sulfides 4 
(ZnS [4], CdS [5]) and phosphides (InP [6]), have been grown on a large scale by vapor-5 
phase growth method. However, Application of these randomly-oriented 1D semiconductor 6 
nanocrystals has not gained much attention, in spite of their high yields, compared to that of 7 
their counterparts which show aligned growth on planar substrates. 8 
ZnO has a wide band gap of 3.37 eV, and a large exciton binding energy of 60 meV 9 
making ZnO suitable for room-temperature light-emitting diodes (LEDs). It is known that 10 
ZnO is naturally n-type, and the preparation of pure and stable p-type ZnO is still a challenge. 11 
Therefore, a number of different approaches are developed to fabricate ZnO-based hybrid 12 
LEDs by using some other p-type semiconductors, either inorganic or organic. ZnO-organic 13 
hybrid LEDs have shown UV and visible electroluminescence (EL) emissions in previous 14 
reports.7-9 Typically, vertically aligned ZnO nanowire (NW) arrays were used to make 15 
contacts with organic semiconductors, such as poly(3,4-16 
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) [7,8], and N,N’-di(naphtha-17 
2yl)-N,N’-diphenyl-benzidine (NPB) [9]. Elaborate processes to make insulating polymer 18 
infiltrate the vertical NW arrays, to expose tips of the ZnO nanowires by using a lithography 19 
technique, and, subsequently, to deposit organic semiconductors to form hetero-junctions at 20 
the ZnO-NWs tips are necessary to fabricate the devices. UV-visible EL emission takes place 21 
only at the interfaces between the semiconducting polymer and the ZnO-NWs tips.  22 
Currently, flexible optoelectronic devices are the most exciting trend. Analogous to the 23 
robust free-standing films of carbon nanotubes that were made by a filtration method [10], it 24 
is anticipated that the mass-produced ZnO NWs can be processed to be flexible network films. 25 
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In this paper, we demonstrate a simple approach to fabricate free-standing thin sheets of ZnO 26 
nanowires. We used these ZnO-NW sheets to make ZnO/organic hybrid LEDs. P-type 27 
organic semiconductors, N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-28 
diamine (TPD), Poly(9-vinylcarbazole) (PVK), 4,4′-Bis(N-carbazolyl)-1,1′-biphenyl (CBP), 29 
and blend of PVK and CBP were used in this study. Electroluminescence (EL) properties of 30 
the hybrid devices are presented. 31 
 32 
2. Experimental details 33 
The ZnO NWs were synthesized within a horizontal quartz tube furnace (inner 34 
diameter 5 cm) at atmospheric pressure without using any catalyst. Mixtures of ZnO and 35 
graphite powders (2-3 g), a weight ratio of 1:1, were heated to 1100-1200 oC, and the 36 
vaporized growth species were transported by a gas flow that consisted of 1000-sccm N2 and 37 
30-sccm O2. Cotton-like white products were deposited in low-temperature (between ~200 oC 38 
and room-temperature) region. Typical growth time was 30 minutes. Figure 1(a) shows a 39 
photograph of the product that consists of ZnO NWs. Thin sheets of the ZnO NWs were 40 
fabricated by a simple filtration method. First, a ZnO-NW suspension solution, concentration 41 
of 1 mg/ml, was prepared by ultrasonically dispersing the nanowires in isopropanol. Second, 42 
the ZnO-NW suspension was vacuum-filtered through a porous anode aluminum oxide (AAO) 43 
membrane, diameter of 4.3 cm and pore size of 200 nm, purchased from Whatman Co. Third, 44 
a network film of ZnO NWs on an AAO membrane was dried in air at 100 oC for 1 h. Finally, 45 
a thin sheet of ZnO NWs was detached off the membrane filter. A typical free-standing sheet 46 
of ZnO NWs, mass of 3.5 mg, is shown in figure 1(b). It is interesting to note that the thin 47 
ZnO-NW sheet is flexible and translucent, and that the paper-like sheet can be cut in any size 48 
and shape, using a blade, to be used for hybrid LED fabrication. Figure 1(c) illustrates the 49 
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fabrication process and structure of a ZnO-NW-sheet/organic hybrid LED. Firstly, A hole-50 
injection layer, PEDOT:PSS, was spin-coated onto a patterned ITO-glass substrate and dried 51 
in N2 atmosphere. Onto this layer the other hole-transport organic layer was spin-coated from 52 
solution (10 mg/ml in chloroform) at 2000 rpm. Next, we placed a piece of ZnO-NW sheet 53 
onto the organic layer, and pressed it down using a roller. In the roller-pressing process the 54 
pressure was mechanically controlled, resulting in even adhesion of a ZnO-NW sheet to an 55 
organic layer. Finally, after evaporating Al to form a cathode onto the ZnO-nanowire sheet, 56 
the device was encapsulated by a glass cap in dry N2 atmosphere. TPD, PVK, CBP and blend 57 
of PVK and CBP (weight ratio 1:2) were respectively used to form hetero-junctions with the 58 
ZnO NW films. Photoluminescence (PL) and EL characterizations were performed at room 59 
temperature.  60 
 61 
3. Results and discussion 62 
Figures 2(a) and 2(b) show the field-emission electron scanning microscopy (FE-SEM) 63 
images of the ZnO-NW sheet in figure 1(b). The ZnO NWs, which are a few tens of nm in 64 
thickness, are interlaced with each other to form a felt-like morphology. It has to be 65 
emphasized that no adhesive additive was used to make ZnO-NW sheets with paper-like 66 
appearance, and that we were able to control the thickness of ZnO-NW sheets by controlling 67 
the total amount of ZnO NWs in dispersion solutions that we vacuum-filtered. The thickness 68 
of the ZnO-NW sheet shown in figure 2(b) is measured as 2.6 m so that the density of the 69 
ZnO-NW sheet is estimated to be about 1 g/cm3, which is almost 6 times smaller than that of 70 
a ZnO bulk crystal (5.61 g/cm3). The X-ray diffraction (XRD) pattern of the nanowire sheet 71 
is shown in figure 2(c). The fact that we are able to index all the peaks according to the 72 
wurtzite ZnO structure indicates good crystal quality of ZnO nanowires. However, we cannot 73 
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rule out the existence of point defects that can influence optical properties of ZnO nanowires 74 
based on this XRD result. In particular, because the ZnO nanowires were synthesized under 75 
an oxygen-rich condition and started to nucleate and grow before a reactor reached a stable 76 
growth temperature, it is very likely that the ZnO nanowires are nonstoichiometric with many 77 
native defects, such as zinc vacancies (VZn), oxygen interstitials (Oi), antisite oxygen (OZn), 78 
and oxygen vacancies (VO) [11]. We exclude zinc interstitials because of the comparatively 79 
high formation energy of such a defect under oxygen-rich condition. Figure 3 shows the 80 
cross-sectional FE-SEM image of a typical substrate, ITO/PEDOT:PSS/TPD, that used for 81 
attaching the ZnO NW film. The thickness of the PEDOT layer is about 60 nm. Normally, the 82 
organic layers that we spin-cast onto the PEDOT layer are about 60-80 nm in thickness. 83 
Because the ZnO NW film is flexible and the nanowires are in parallel with the substrate 84 
surface, the organic layer is unlikely to be locally penetrated by single nanowires during the 85 
roll-pressing process, as can be testified by the current-voltage (I-V) measurements.         86 
Figure 4(a) shows the current-voltage (I-V) curves of two devices, TPD/ZnO and 87 
PVK/ZnO. Good rectifying behaviors of the hetero-junctions were observed. PL spectra of 88 
the ZnO NW-film, TPD and PVK are shown in figure 4(c). The ZnO NW-film exhibits a UV 89 
peak at 380 nm, known as the near-band-edge (NBE) emission, and a broad visible emission 90 
band covering purple, blue and green, due to the native defects of ZnO. TPD and PVK show 91 
PL emissions peaking at 428 nm and 415 nm, respectively. In figures 4(b) and 4(d) the EL 92 
spectra of the TPD/ZnO and PVK/ZnO devices are plotted, corresponding to the anode biases 93 
of 20 V and 16 V, respectively. For the EL spectra of TPD/ZnO hetero-junction, the 94 
characteristic UV emission of ZnO was emerged, accompanied by a broad visible emission 95 
band peaking at 630 nm. The dominance of the red emission at 630 nm was enhanced with 96 
increasing anode bias. Meanwhile, a suppressed green emission at ~520 nm, typically due to 97 
the defects of ZnO, can be found from the spectra of TPD/ZnO device. The UV emission 98 
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failed to emerge in the EL spectra of PVK/ZnO device, and a low and broad emission band at 99 
~420 nm that can be assigned to the emission of PVK appeared. However, similar to the 100 
TPD/ZnO structure, the PVK/ZnO device also exhibits a dominant red emission at 630 nm.  101 
Among the available p-type organic semiconductors, CBP, a small-molecule material, 102 
has the deepest HOMO (highest occupied molecular orbit) level that is expected to more 103 
efficiently inject holes into the valence band of ZnO. However, CBP is recognized to have 104 
bipolar transport character. We blended CBP with a unipolar transporter PVK to modify the 105 
hole transporting property and improve the film quality. Figure 5(a) depicts the I-V curves of 106 
two devices, CBP/ZnO and CBP+PVK/ZnO, showing that the pure CBP has higher carrier 107 
mobility than the blend of CBP and PVK. In fact, the two spin-coated organic films are 108 
equivalent in thickness. The EL spectra of the two devices, measured at forward bias of 18 V 109 
and 15 V, are compared in figures 5(b) and 5(d), respectively. Interestingly, the red emission 110 
at 630 nm appeared as well. Besides, the CBP/ZnO device exhibited a blue peak at 435 nm, 111 
whereas the PVK+CBP/ZnO device showed an UV peak at 390 nm. For the CBP/ZnO device, 112 
the characteristic UV emission of ZnO at ~380 nm slightly appeared at lower anode bias, but 113 
it was too unstable to vanish with increasing the bias. On the other hand, the blue emission at 114 
435 nm was enhanced so as to surpass the red emission peak at higher bias. The PL spectra in 115 
figure 5(c) with similar shapes are from the spin-coated films of PVK+CBP and pure CBP on 116 
glass. The peak at 377 nm is the characteristic emission of CBP.  117 
  Now we discuss the EL emissions of the four types of organic/ZnO LEDs by using the 118 
energy band diagram in figure 6(a). These devices show an identical red emission around 630 119 
nm (1.97 eV) regardless of the different HOMO levels of p-type organic semiconductors used 120 
in this work, indicating that the exciplexes between ZnO and organic semiconductors can be 121 
ruled out causing this emission. The energy band gap of ZnO is 3.37 eV, within which the 122 
energy positions of various defects had been calculated or experimentally measured. 123 
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Generally, VO and Zni are donors, and VZn, Oi, and OZn are acceptors. The OV
  that is 124 
frequently referred to as the origin of green emission from ZnO has the energy level located 125 
about 2.45 eV (506 nm) above the valence band maximum [12,13]. Assuming that the red 126 
emission is due to the electron transition from the OV
  level to an acceptor level, this 127 
acceptor level is deduced to be 0.48 eV above the valence-band top. Among the 128 
aforementioned acceptor levels, it appears that the 2ZnV  level, which was calculated to be 129 
0.51 eV above the valence-band top [14], is closest to this requirement. Therefore, we 130 
conclude that the red emission centered at 630 nm originates from the electron transition of 131 
OV
→ 2ZnV
 . The oxygen interstitial ௜ܱି  has a level 0.66 eV above the valance-band maximum 132 
[11]. The OV
→ iO
 transition may result in an emission band at 693 nm (1.79 eV), which 133 
accidentally corresponds to the right shoulder of the red emission band in the EL spectrum of 134 
TPD/ZnO device measured at lower anode bias (figure 5(d)).  135 
The energy of the blue emission at 435 nm (2.85 eV) from the CBP/ZnO device (figures 136 
5(b & c)) is too large to be involved in exciplex emission according to the energy band 137 
diagram in figure 6(a). It has been reported that degradation of CBP solid film could result in 138 
a low energy (LE) band emission at ~438 nm [15]. However, normally this peak would not 139 
appear solely. Other LE peaks, such as at 413 nm and 560 nm, could be concomitants. 140 
Coincidently, a blue emission of ZnO at ~430 nm (2.88 eV) is predicted from the transition of 141 
conduction band to 2ZnV
 , which could be responsible for the EL peak at 435 nm from the 142 
CBP/ZnO device (figures 5(b & d)). It is worthy of mentioning that ZnV , a deep acceptor 143 
with calculated level of 0.18 eV above the maximum of valence band [16], can cause an 144 
emission at ~390 nm, which matches the UV peak of CBP+PVK/ZnO device. Nevertheless 145 
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the CBP host can have an EL peak at ~400 nm [17], making the UV emission of 146 
CBP+PVK/ZnO device intriguing.  147 
 The barriers from the conduction band of ZnO to LUMO levels of these organic 148 
semiconductors are in the range of 1.5-2.0 eV, and the gaps between the valence band and 149 
HOMO levels are 1.6-2.2 eV. Such high barriers normally cause hole and electron 150 
accumulation and energy band bending of ZnO at the organic/ZnO interface when the device 151 
is biased. As an example, figure 6(b) shows the energy band diagram of the biased TPD/ZnO 152 
hetero-structure. The carrier mobility of organic semiconductor can be a factor influencing 153 
the bending degree of ZnO energy bands. The hole mobilities of TPD and CBP are very close 154 
and in the order of 10-3 cm2/Vs [18], much higher than that of PVK (10-6 cm2/Vs). In figures 155 
4(b & d), the NBE emission of ZnO appears from the TPD/ZnO device rather than the 156 
PVK/ZnO device. Previous reports on the EL of PVK/ZnO structure showed the relatively 157 
strong emission of PVK at either 450 nm or 550 nm (excitons between different carbazole 158 
molecules) [19,20]. In figures 5(b & d) the EL emission related to PVK excitons is faint 159 
compared with the red peak, indicating that most of the electrons contribute to the transition 160 
OV
→ 2ZnV
 . The fact that the ZnO NBE emission is reluctant to emerge in this PVK/ZnO 161 
device can be attributed to the poor hole mobility of PVK. In comparison, the higher hole 162 
mobility of TPD results in more holes accumulated at the interface, and high-degree upward 163 
bending of ZnO energy bands. The elevated valence band renders the possibility of receiving 164 
holes from the HOMO of TPD, giving rise the NBE emission in addition to other visible 165 
emissions (figure 6(b)). On the other hand, the comparatively low bending degree of the ZnO 166 
bands at the PVK/ZnO interface maintains a large barrier for transferring holes from the PVK 167 
HOMO to valence band of ZnO, only favoring the transitions between defects. As mentioned 168 
above that CBP has bipolar transport property, for its electron mobility is relatively large (10-169 
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4 cm2/Vs). This is a disadvantage of reducing the barrier via band bending for injecting holes 170 
into the valence band of ZnO. Most possibly the excitons of CBP would be produced in the 171 
CBP/ZnO device, giving rise to the singlet-related emission at ~400 nm. However, this 172 
energy could be degraded via Förster energy transfer to ZnO, causing the blue emission at 173 
435 nm related to Ec→VZ୬ଶି that avoids the nonradiative process Ec→VO. The blend of CBP 174 
and PVK has properties differing from pure CBP, such as in transporting holes and blocking 175 
excitons, as can be seen in figure 5(a) that the CBP+PVK blend exhibits higher carrier 176 
transport and better rectifying behaviors than CBP when hetero-structured with ZnO. It is 177 
discernible that the broad UV band peaking at 390 nm in the EL spectra of CBP+PVK/ZnO 178 
device is a composition of multiple emissions through UV to blue. The transition Ec→ ௓ܸ௡ି is 179 
unlikely to take a main role since it is not found from other three devices. Previously, the EL 180 
emission of ZnO at 393 nm, attributed to bound-exciton, was observed from the 181 
PEDOT/ZnO-nanorod and TPD/ZnO-nanoparticle devices [7, 21]. Such a peak of ZnO has a 182 
half-maximum width of 20-40 nm, sharper than the EL peak of CBP. The peak position at 183 
390 nm is blue-shifted to the usual EL peak at ~400 nm of CBP host. Presumably, the UV 184 
emission of ZnO and near-UV emission of CBP coexist when the EL of CBP+PVK/ZnO 185 
device occurs.     186 
 187 
4. Conclusion 188 
In summary, we made a free-standing thin sheet of ZnO nanowires that were mass-189 
produced by a vapor-phase synthesis method at atmospheric pressure, and used this ZnO-190 
nanowire sheet to fabricate ZnO/organic hybrid LEDs. We simply attached a piece of flexible 191 
ZnO-NW sheet to a p-type organic semiconductor layer by a roller-press process. Four types 192 
of structures, TPD/ZnO, PVK/ZnO, CBP/ZnO and CBP+PVK/ZnO, are presented. Due to the 193 
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abundant native defects, the characteristic UV emission of ZnO was weak or failed to appear 194 
for the devices of TPD/ZnO, PVK/ZnO and CBP/ZnO. The structure of CBP+PVK/ZnO 195 
favors the UV emission, but emissions related to the deep acceptor level of Zn- in ZnO and 196 
excitons of CBP are incorporated. A notable red emission at 630 nm is commonly observed in 197 
the EL spectra of the devices, which is attributed to the electron transition between defect 198 
levels of ZnO, OV
→ 2ZnV
 . A blue emission originated from the transition of conduction band  199 
to 2ZnV
  is enhanced for the CBP/ZnO structure. Our work shows a new way to use the mass-200 
produces ZnO nanowires through the fabrication of paper-like sheets and the simple assembly 201 
of hybrid LEDs. The fabrication approach of NW-film is applicable to a large variety of other 202 
semiconducting nanowires, which can be synthesized in large scale, to be used to fabricate 203 
diverse devises such as LEDs, diaplays, solar cells and sensors, etc.  204 
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Figure Captions 242 
 243 
Figure1. (a) A photograph of the cotton-like product consisting of ZnO nanowires. (b) A 244 
photograph of a free-standing film made up of the mass-produced ZnO nanowires. (c) 245 
Schematic of the process to fabricate a ZnO/organic hybrid LED using the nanowire film. 246 
 247 
Figure 2. Tilt view (a) and cross-section view (b) FE-SEM images of typical ZnO nanowire 248 
film. (c) XRD pattern of the ZnO nanowire film. 249 
 250 
 251 
Figure 3. Cross-sectional view FE-SEM image of typical organic layer on ITO substrate. 252 
 253 
Figure 4. Comparison of the measurement results of two devices: TPD/ZnO and PVK/ZnO. 254 
(a) I-V characteristics. (b) and (d) EL spectra of the two devices at different anode biases. (c) 255 
PL spectra of the materials (ZnO NWs, TPD and PVK films). 256 
 257 
Figure 5. Comparison of the measurement results of CBP/ZnO aand CBP+PVK/ZnO devices. 258 
(a) I-V characteristics. (b & d) EL spectra of the two devices at different anode biases. (c) PL 259 
spectra of the spin-coated films of CBP and blend of CBP and PVK.  260 
 261 
Figure 6. (a) Energy band diagram of the organic/ZnO hetero-junctions accounting for the 262 
EL emissions from ZnO. (b) Energy band diagram of the TPD/ZnO heterostructure LED 263 
under a positive anode bias, showing charge accumulation and band bending at the interface. 264 
 265 
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Figure 2. Tilt view (a) and cross-section view (b) FE-SEM images of typical ZnO nanowire 277 
film. (c) XRD pattern of the ZnO nanowire film. 278 
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Figure 3. Cross-sectional view FE-SEM image of typical organic layer on ITO substrate. 286 
 287 
 288 
 289 
 290 
 291 
16 
 
 292 
Figure 4. Comparison of the measurement results of two devices: TPD/ZnO and PVK/ZnO. 293 
(a) I-V characteristics. (b) and (d) EL spectra of the two devices at different anode biases. (c) 294 
PL spectra of the materials (ZnO NWs, TPD and PVK films). 295 
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Figure 5. Comparison of the measurement results of CBP/ZnO and CBP+PVK/ZnO devices. 297 
(a) I-V characteristics. (b & d) EL spectra of the two devices at different anode biases. (c) PL 298 
spectra of the spin-coated films of CBP and blend of CBP and PVK.  299 
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 303 
Figure 6. (a) Energy band diagram of the organic/ZnO hetero-junctions accounting for the 304 
EL emissions from ZnO. (b) Energy band diagram of the TPD/ZnO heterostructure LED 305 
under a positive anode bias, showing charge accumulation and band bending at the interface. 306 
